background: Abnormal human embryo implantation leads to poor foetal development and miscarriage, or pre-eclampsia. Ethical and practical considerations concerning implantation limit its investigation, and it is often difficult to extrapolate findings in laboratory animals when implantation processes show diverse species differences. Therefore, it is important to develop new in vitro models to study the earliest events of human implantation. The aim of this study was to derive trophoblast cell lines from human embryonic stem cells (hESCs) by a robust protocol and co-culture of these cells with an established endometrial cell culture system to validate a model of trophoblast invasion at implantation. methods: Derivation of trophoblast cell lines from hESC lines was established by spontaneous and induced differentiation of embryoid bodies and by initial measurement of hCGb secretion by enzyme-linked immunosorbent assay and their phenotype investigated using geneand protein-expression markers. Vesicles formed from an aggregating trophoblast were co-cultured with decidualized human endometrial stromal cells in hypoxic (2% oxygen) and normoxic (20% oxygen) environments.
Introduction
A dialogue of signalling factors established between the proliferating and differentiating trophoblast [driven by trophoblast stem (TS) cells] and the endometrium induces a rapid but selective cell invasion, which is critical for establishing pregnancy (Paria et al., 2002; RedHorse et al., 2004) . However, when this process goes awry, it can cause inappropriate implantation failure and placental dysfunction (Norwitz et al., 2001; Cakmak and Taylor, 2010) , resulting in miscarriage and maternal disease such as pre-eclampsia (Lyall, 2006) . Indeed, it is estimated that in women, 70% of pregnancies are lost prior to birth, with a 30% loss as a result of implantation failure (Macklon et al., 2002) . Recurrent miscarriage, in which more than two consecutive pregnancies before 24 weeks of gestation are lost, affects 1% of all women-about a 3-fold higher incidence than that expected by chance alone (Bricker and Farquharson, 2002) .
Much of our current understanding of human trophoblast development and implantation is inferred either from clinical findings of later stages of pregnancy when foetal and placental development can be monitored indirectly from histological observation of tissue samples, or from in vitro cell studies. Direct interactions between blastocysts that have developed in vitro and uterine tissue cultures have been explored with some success (Carver et al., 2003; Grewal et al., 2010; Teklenburg et al., 2010) . Several methods for culturing endometrial cells have been established, including organ culture, and systems to culture human epithelial and stromal cells individually or together (Teklenburg and Macklon, 2009 ). However, the background genetics of embryos, uncertainty regarding the physiological status of primary tissue and limited sample collections can often make comparisons between data difficult. A variety of trophoblast and placenta cell lines also provide important information, but these cell lines do not entirely represent the phenotype of early trophoblast or TS cells (Hannan et al., 2010) .
In the mouse, TS cell lines can be derived from pre-and postimplantation embryos when the trophectoderm is cultured in conditioned medium supplemented with fibroblast growth factor 4 (FGF4), and differentiate when FGF4 is withdrawn (Tanaka et al., 1998) . In contrast, it has not been possible to derive human TS cells although a TS phenotype in the rhesus monkey has been reported (Vandevoort et al., 2007) . However, human embryonic stem cells (hESCs) can spontaneously (or by induction) differentiate to trophoblast cell phenotypes in culture (Thomson et al., 1998; Xu et al., 2002; Gerami-Naini et al., 2004; Harun et al., 2006; Peiffer et al., 2007) . In our laboratory, cytotrophoblast cells (CTBs) have also been generated by rounds of selective enrichment based on hCGb secretion in the trophoblast medium (Harun et al., 2006) . Alternatively, trophoblast cells have been selected for adhesive characteristics rather than for hCG production (Peiffer et al., 2007) .
There is probably no single definitive cell-culture system for investigating implantation mechanisms, but a major advantage of hESCs is that they can be maintained indefinitely in vitro and therefore form a reliable and consistent (genetic and proliferative) source for trophoblast differentiation compared with primary tissue samples. Moreover, hESC lines usually have a normal complement of chromosomes unlike choriocarcinoma and other tumorgenic or transformed cell lines, which show cancer-related features (Schulz et al., 2008) . Therefore, we sought to direct differentiation of hESCs and to develop further an in vitro model of embryo implantation.
Materials and Methods

Materials
Culture media and reagents were obtained from Invitrogen (Paisley, UK), and antibodies from Sigma-Aldrich (Poole, UK), unless otherwise stated.
hESC lines and maintenance
Two cell lines were used. The Shef4 cell line was derived under license (Person responsible, H.D.M.) from the Human Fertilization and Embryology Authority with consent from fully informed patients (Aflatoonian et al., 2010) . A green fluorescent protein transgenic variant of the Shef4 cell line (Shef4-GFP) allowed intrinsic monitoring of cells during co-culture assays. For comparison, a sub-line of the H7 line (a gift of Dr J. Thomson, University of Wisconsin, USA)-designated H7S14-with robust proliferative capacity was also used. These cell lines displayed characteristic marker profiles of pluripotency (Adewumi et al., 2007) and were chromosomally normal throughout the study, as determined by G-banding karyotype analysis. hESCs were maintained using inactivated mouse embryonic fibroblasts (MEFs) in Dulbecco's modified Eagle's medium (DMEM) supplemented with knock-out serum replacement (hES medium) at 378C in 5% CO 2 in air (Draper et al., 2004) .
Derivation and maintenance of trophoblast cells
hESCs were aggregated in non-adherent culture to form embryoid bodies (EBs). After 5 days, individual EBs ( 200 mm mean diameter) were cultured for 24 h in a trophoblast-conditioned medium (TSCM) comprising 30% TS medium (Tanaka et al, 1998) and 70% MEF-conditioned medium supplemented with 25 ng/ml of FGF4 and 1 mg/ml of heparin (Harun et al., 2006) . The H7 line produced higher levels of hCGb (120-1000 mIU) than Shef4-GFP (50-100 mIU). EBs secreting moderate (50-250 mIU/ml) levels of hCGb, as determined by enzyme-linked immunosorbent assay (hCGb ELISA Kit, DRG diagnostics), were treated with 0.25% trypsin-EDTA and cultured in TSCM on non-gelatinized culture plates through several rounds of passage to establish a CTBS cell line at 378C in 5% CO 2 in air. TS cell lines were cryopreserved in a freezing medium for long-term storage in liquid nitrogen, consisting of foetal calf serum (FCS) supplemented with 10% dimethylsulphoxide. Cells were thawed into TSCM (Harun et al., 2006) . To generate trophoblast vesicles (TSVs) adherent trophoblast cells (,passage 8) were detached by gentle scraping with a pipette tip and cultured in suspension in a non-adherent Petri dish for 5 days.
Characterization of trophoblast cell lines
Localization of protein markers cytokeratin 7 (CK7); human leukocyte antigen-G (HLA-G), proliferation marker Ki67, 3b-hydroxysteroid dehydrogenase type 1 (3bHSD1), von Willebrand factor (vWF) and matrix metalloproteases (MMP)2 and MMP9 as well as mRNA levels (RT -RCR) for b-actin, Oct4, cdx2, CD9, CK7, hCGb, endoderm markers Sox17 and GATA4, and tissue inhibitor of MMP (TIMP)1 and TIMP2 were determined as described previously (Harun et al., 2006) . Target DNA for PCR was amplified using primers as shown in the Supplementary data Table S1 . Where appropriate, JAR and BeWo choriocarcinoma cell lines were used as controls for trophoblast markers during immunolocalization studies and RT -PCR. Karyotyping was carried out on cells as previously described (Baker et al., 2007) .
Zymography detection of MMPs
Zymography was performed on a medium collected from cultures and cells as described elsewhere (Zhao et al., 2006) . Samples from cells were centrifuged at 120 00g at 48C for 10 min, and 10-ml aliquots of the collected supernatant were loaded alongside appropriate markers onto a 7.5% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS -PAGE) gel containing gelatine type-1 at a final concentration of 0.1% and subjected to 200 V for 45 min. The gel was rinsed in 2.5% Triton-100 in phosphate-buffered saline (PBS) for 1 h at room temperature to remove SDS, incubated overnight at 378C in zymography buffer, transferred to Coomassie blue stain (0.1% R250 in 40% methanol and 10% acetic acid) for an hour at room temperature, destained and photographed on a white board under UV light to record gelatine bands digested by MMPs.
Western blotting
Samples extracted for zymography were also analysed by western blot. Aliquots (10 ml) were run on a standard 7.5% SDS -PAGE gel, similar to the zymography protocol. The gel was rested in transfer buffer and protein transferred to hydrated nitrocellulose membranes, by semidry electroblotting. Blots were blocked with 5% Marvel semi-skimmed milk powder in PBS with 0.1% Tween 20 (PBST) at 48C overnight. Antibodies were diluted in 5% blocking solution and subsequent washes were performed for 5 min durations in PBST. Rabbit polyclonal primary antibody for glyceraldehyde-3-phosphate dehydrogenase and antibodies to pro and active forms of MMP2 and MMP9 were applied at a dilution of 1:2000, 1:1000 and 1:500, respectively, for 1 h at room temperature. Blots were washed and goat anti-rabbit immunoglobulin G conjugated to horse-radish peroxidase (HRP) applied as secondary antibody at a dilution of 1:5000 for 1 h at room temperature. After final washing, HRP was detected by Hyperfilm-enhanced chemiluminescence detection Kit (GE Healthcare, Amersham).
Invasion and co-culture assays
TS cell lines were examined using an invasion and co-culture assay. Endometrial biopsies (eight samples from Days 19 to 23 luteal phase) were obtained from women undergoing surgery for non-endometrial pathology after obtaining fully informed patient consent. Patients were aged 20 -40 years, had regular cycles of 25 -35 days and had not taken any steroid hormones for 2 months prior to obtaining tissues. Endometrial stromal cells were isolated as described by Laird et al. (1997) and cultured in complete DMEM made up of 50% DMEM and 50% DMEM F12 supplemented with 10% FCS, 30 nM 17-b-oestradiol and 1 mM progesterone. For the cell invasion assay, Millicell (polyethylene therephthalate membrane; 0.8 mm pores, Millipore Ltd) inserts for 24-well plates were coated with diluted Matrigel TM (BD Biosciences) and an additional layer of stromal cells (4 × 10 3 cells) were seeded onto the filters. TS cells (2 × 10 4 ) were added into each insert with TSCM being used as a supporting medium. Human embryonic kidney cells, HEK293, were used (instead of trophoblasts) as a negative control in DMEM supplemented with 10% FCS. After 24, 48 and 72 h, cells attached to the inserts and the bottom of the wells were either fixed with methanol for immunolocalization studies and counted to check how many cells had invaded the Matrigelcoated inserts, or analysed by western blot. Cells and medium were also collected for zymography. Each experiment was repeated three times.
Endometrial-TSV co-culture
After 5 days of culture, TSVs were directly co-cultured with endometrial tissue (n ¼ 6) for a further 6 days, fixed and analysed. Each endometrial biopsy was divided into six cultures, for incubation with a single TSV generated from low-passage trophoblasts (,p5) under normoxic (5% CO 2 in air containing 20% O 2 and 70% N) or hypoxic (special gas mixture comprising 2% O 2 , 5% CO 2 and 93% N) conditions. Trophoblast invasion around the attached TSV was monitored as regions of interest (ROIs) by a time-lapse microscope (Cell IQ, Chipman Techologies Ltd., Finland) every 15 min for a 3-day duration at 378C in 5% CO 2 in air (20% oxygen, normoxic). Adjacent image fields (675 × 506 mm each) from each ROI were combined by proprietary software programmed (Cell IQ) to generate time-lapse movie clips to visualize cell growth, migration and function.
Results
Derivation and characterization of TS cells
Two Shef4-GFP and three H7S14 trophoblast lines were generated. All trophoblast lines exhibited similar characteristic markers, as shown in Table I , but one of the H7S14-derived trophoblast lines gained a karyotypic abnormality at higher passage number. When TSVs from medium passages (such as p11), which had been cultured in suspension as cell aggregates in TS medium, were replated in TSCM on plastic dishes, they showed formation of vesicle-like structures ( Fig. 1) . At higher passage, TSVs developed chorionic villi-like projections in a suspension culture. Pluripotent hESCs showed no expression of trophoblast markers. Trophoblast cultures derived from hESCs were composed of actively proliferating cells that expressed Ki-67 and a mixture of trophoblast markers, such as CK7 and HLA-G (Fig. 2) , along with the absence of the endoderm markers Sox17 and GATA4, which was indicative of extra-villous cytotrophoblast phenotype (Harun et al., 2006) . While CK7 expression was retained in monolayer and in TSVs, CD9 expression was lost in TSVs (Fig. 3) . Cytotrophoblast exhibited multinuclear syncytia with fusion of cells in areas of low-cell density immediately after passage although a contiguous syncytium layer did not develop (Fig. 4) .
Spontaneous generation of a karyotypically abnormal cell line and its characterization
Derived CTB lines were karyotyped regularly (every five passages). One hESC-derived trophoblast line developed karyotypic changes with a gain of an extra X chromosome at passage 12, and trisomy of chromosome 1q in addition to gain in X chromosome at passage 17 (Fig. 5) . The abnormal chromosome 1 with a trisomy of 1q was the result of an unbalanced translocation between two chromosomes. An aneuploid CTB line that was studied further by immunofluorescence localization showed a negligible number of cells positive for Ki67 but all the cells showed a high expression of 3bHSD1, MMP2 and MMP9 and surprisingly even the endothelial cell marker vWF, not expressed by karyotypically normal trophoblast lines (Fig. 5 ).
No differences in trophoblast marker mRNA levels were observed in a karyotypically abnormal trophoblast line when compared with a normal CTB line at the same passage for all tested mRNAs, except for a loss in TIMP2 expression and small gain in hCGb expression (Fig. 5) .
Trophoblast invasion assay and MMP2 and MMP9 expression
In the invasion assay, CTBS invaded the filters within 24 h and attached to the bottom of the wells. A gradual increase in cell Invasive trophoblasts from human embryonic stem cells numbers was observed at 48 and 72 h with more than a 2-fold change every 24 h (Fig. 6) . About 1.5% of extra-villous trophoblast cells used in the co-culture invasion assay with decidualized stroma and Matrigel invaded through the filters and attached to the Matrigel-coated wells after 5 days of co-culture. These extra-villous trophoblast cells stained positive for MMP2 and MMP9 (Fig. 6) . Active forms of MMP2 and MMP9 proteins were present in invasive trophoblast cells cultured on Matrigel, as detected by gelatine-digested (cleared of dye) bands after zymography and by western blots (Fig. 6) . Medium collected from invaded trophoblast cells below the filters (of co-cultures with trophoblast and stroma grown on Matrigel-coated filters) exhibited higher MMP9 activity than cells or medium from above the filter. MMP2 activity was similar for medium collected on either side of filters. MMP2 expression was low in the cells, and MMP9 protein was not detected by western blot. On the other hand, the negative control HEK 293 cells did not invade the filters and MMP9 and MMP2 were not detected by western blot and zymography.
Co-culture of TSVs with endometrial stroma
TSVs co-cultured with decidualized endometrial stromal cells showed invasion of stroma on Day 2 in culture, while the stroma grew back in the eroded region by Day 4. When stromal invasion by TSVs was compared under hypoxic and normoxic conditions by time lapse photography (n ¼ 12), TSVs co-cultured in hypoxic conditions showed greater invasion with erosion of stroma and high expression of MMP2 (Fig. 7) .
Discussion
The aim of this study was to further develop and validate a model of human embryo implantation using trophoblast cell lines derived from hESC lines. Previous studies have demonstrated the utility of this approach (Xu et al., 2002; Gerami-Naini et al., 2004; Schulz et al., 2008) but the invasive nature of such cell lines and their differentiation has not been well characterized. Trophoblast cell cultures were identified by measuring secreted hCGb (Harun et al., 2006) synthesized mainly by cyto-and syncytio-trophoblast and not expressed by undifferentiated hESCs. Independent derivation from H7S14 and Shef4-GFP produced five CTB lines with initial normal chromosomal complement that eventually lost their proliferative ability around passage 20. The derived trophoblast cell lines displayed both renewal and differentiation characteristics suggestive of a TS cell line although clonogenicity was not established owing to the rapid spontaneous differentiation in culture at a low-cell density. Their phenotype was characterized by expression of CK7, HLA-G and hCGb along with the absence of endodermal markers. Residual undifferentiated hESCs were not detected in the derived trophoblast lines and there was a loss of pluripotency marker Oct4 in monolayer trophoblast cultures consistent with the inability to generate hESC colonies when transferred to feeders (Harun et al., 2006) . TSVs in suspension culture did however express Oct4, possibly a splice variant (Oct4b), which is found in non-pluripotent cells (Atlasi et al., 2008) .
CTBS in cell columns located proximal to the villous stroma have been identified to be CK7 and Ki67 positive, and extra-villous CTBS located distal to the villous stroma that invade the uterus display an abrupt down-regulation of CK7 and Ki67 expression, thus uncoupling invasion from proliferation (Kaufmann and Castellucci, 1997; Blaschitz et al., 2000; Korgun et al., 2006) . In our in vitro cultures, proliferative CTBS at lower passages exhibited CK7 and Ki67 protein expression, but at higher passage numbers, there was a lower expression of CK7 and Ki67 in the cell population that expressed HLA-G and CD9, consistent with invasive extra-villous trophoblasts that remodel maternal spiral arteries in situ and prevent immune rejection (Hirano et al., 1999; Le Bouteiller et al., 2003; Red-Horse et al., 2004) . Time lapse microscopy showing cells undergoing cyto-syncytial fusion in predominantly hCGb and CK7 positive populations not only imitates the process that occurs in vivo (Potgens et al., 2002) but also answers the previous controversy as to whether syncytium may form from cell fusion or endo-nuclear duplication (MacAuley et al., 1998) .
Endometrium and trophoblast secrete MMPs and TIMPs, which are important in limiting cytotrophoblast invasion and endometrial stromal receptivity. Zymography showed that the MMP9 activity of the medium was higher than in the cells, which could be attributed to the fact that the amount of MMPs in tissues is about 50 times lower than that found in a conditioned medium (Woessner, 2002) . The CTBS exhibited higher activity of MMP2 than MMP9 and also showed high levels of TIMP2 mRNA. The interaction of TIMP-2 with pro-MMP-2 is part of the activation mechanism of pro-MMP-2 through a multi-step pathway (Brew and Nagase, 2010) .
Invasion assays performed with the extra-villous CTBS that had lost their proliferative ability showed that the cells were indeed highly invasive as they digested the gelatine of Matrigel-coated filters and were detected on the other side of the filter within 24 h. In comparison, HEK 293 cells showed no invasion capacity in this system, as seen previously (Fisher et al., 2006) .
Additionally, invasive extra-villous trophoblast cells that were HLA-G-positive occasionally developed an abnormal karyotype [47,XXX, der(1)t(1;1)(p36;q23)] with an enlarged morphology and completely lost their proliferative capacity when compared with trophoblast cells with a normal karyotype (46,XX) but no difference was found in their expression of MMP9 and MMP2. Invasive extravillous trophoblast cells expressed 3bHSD1, an enzyme required for progesterone production that is found from 6 to 14 weeks gestation in trophoblast cells of the placenta in vivo (Simard et al., 2005) , and vWF an endothelial cell marker that may be important in maternal spiral artery remodelling. Since 1-2% of pregnancies show confined placental mosaicism on chorionic villus sampling, where the placenta and foetus have different karyotypes (Ledbetter et al., 1992) , it has been suggested that the unexpected high rate of aneuploidy is a normal part of cytotrophoblast differentiation rather than an anomaly (Weier et al., 2005) . Therefore cytoptrophoblast cell lines may model this process.
CTBS and TSVs were co-cultured with primary endometrial cell preparations to create a model to study implantation i.e. the interaction, attachment and invasion of these cells in vitro. TSVs attached to, and eroded, the underlying decidualized stromal cultures by matrix dissolution facilitated by the action of MMPs (Gellersen et al., 2010) similar to that of blastocyst in stromal co-cultures (Carver et al., 2003; Harun et al., 2006) . Hypoxic conditions (2-4% oxygen) that early trophoblasts are exposed to during endometrial invasion in vivo were found to enhance invasive behaviour of TSVs when compared with normoxic co-culture conditions ( 20% oxygen) that are used to culture hESC-derived trophoblasts. Hence, it will be important in the future to develop a more complex physiological in vitro model bringing together the microenvironment, the three-dimensional culture and the stage-specific changes to simulate implantation.
While it is clear from previous studies and the results here that hESC-derived trophoblast display many attributes of a cytotrophoblasts phenotype, it is important to recognize that the development programme of this differentiation may differ from that of trophoblast in situ. Differential imprinting of hESCs may affect their capacity to completely recapitulate trophoblast development, as indicated in a recent analysis including the H7 and Shef4 Troph lines (Hemberger et al., 2010) . An important transcriptional regulator of trophoblast, ELF5, was shown to be expressed in the human placenta in villous CTBS stages of trophoblast differentiation. Nevertheless, these cell lines provide a valuable resource to investigate embryo implantation and mechanisms of placental development.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/. MMP2 expression is higher in TSV co-cultured on stroma in hypoxic conditions when compared with normoxic conditions. Also erosion of stroma (white arrow) is only seen in hypoxic conditions. Scale bar ¼ 200 mm.
